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INTRODUCTION
A major challenge of studying plant metabolism is to understand how metabolic networks are interconnected. To this end, gaining knowledge concerning the spatial and temporal organisation of metabolism both within cells and among different cell types is necessary. Plant glycolysis is a complex process that occurs in both the cytosol and plastids. In addition to oxidising hexoses to generate ATP, reducing power, and pyruvate, glycolysis is the predominant pathway that 'fuels' the tricarboxylic acid cycle in mitochondria, and is a major source of precursors for secondary metabolism, amino acid, and fatty acid biosynthesis (Plaxton, 1996) . It is assumed that the cytosolic and plastid glycolytic pathways participate in the generation of specific products. However, the relative contribution and the degree of integration of both pathways in different cell types, such as photosynthetic or heterotrophic cells, are still not well-known. Cytosolic and plastidic glycolytic intermediates have been suggested to be fully equilibrated in both compartments through the highly selective transporters present in the inner plastid membrane (Weber et al., 2005) . Because of this, it is difficult to define the role of each glycolytic enzyme and pathway in the primary metabolism of plant cells using only biochemical approaches. Direct molecular or genetic evidence corroborating the in vivo contribution of glycolytic enzymes to specific functions is generally lacking. Thus in order to understand glycolytic networks, it remains necessary to: (i) identify all the functionally important glycolytic isoforms; (ii) define in which cell types they are active; and (iii) to determine whether or not specific glycolytic intermediates are in equilibrium between the cytosol and plastids.
In recent years, important advances have been made in the characterization of plastidial glycolytic enzymes Baud et al., 2007; Chen and Thelen, 2010) . For example, it has been demonstrated that pyruvate kinase plays an important role in seed oil biosynthesis Baud et al., 2007) , while triose phosphate isomerase is essential for the post-embryonic transition from heterotrophic to autotrophic growth (Chen and Thelen, 2010) . However, mutants in plastidial enolase and phosphoglycerate mutase do not show evident phenotypic alterations, so it has therefore been postulated that they do not play a major role in plant metabolism (Andriotis et al., 2009; Prabhakar et al., 2010) . The presence of a complete plastidial pathway, at least in some cell types, has even been questioned ( Van der Straeten et al., 1991; Andriotis et al., 2009; Prabhakar et al., 2010) . When taken together these studies underline that the functions of plastidial glycolytic enzymes are very much cell type specific.
The glycolytic glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reversibly converts glyceraldehyde-3-phosphate into 1,3-bisphosphoglycerate coupled with the reduction of NAD + to NADH (Figure 1 ). Four genes coding for glycolytic phosphorylating GAPDHs, two that code for cytosolic (GAPC1 and GAPC2), and two for plastidial (GAPCp1 and GAPCp2) isoforms, have been identified and functionally characterized in Arabidopsis (Muñoz-Bertomeu et al., 2009; Guo et al., 2012) . The double knock-out mutants of GAPCp isoforms (gapcp1gapcp2) display a drastic developmental phenotype, while cytosolic knockout mutants grow normally under non-stress conditions (Muñoz-Bertomeu et al., 2009; Guo et al., 2012) . In addition, an antisense approach in potato concluded that diminished GAPC activities did not produce major changes in either whole-plant or tuber morphology and that the enzyme plays a minor role in the regulation of metabolism (Hajirezaei et al., 2006) . These results demonstrate that, in spite of their low gene expression level as compared with cytosolic isoforms, plastidial GAPCps play an important role in plant function. Arabidopsis gapcp1gapcp2 display a phenotype of arrested root development, dwarfism, and male sterility, alongside modifications in the sugar and amino acid balance (Muñoz-Bertomeu et al., 2009 Anoman et al., 2015) . It has also been demonstrated that supplementation of L-Serine to the growth medium recues root growth in the mutants (Muñoz-Bertomeu et al., 2009) . We previously hypothesised that lack of GAPCps in roots could affect the supply of 3-PGA to the phosphorylated pathway of serine biosynthesis. Functional characterization of the phosphorylated pathway corroborated that it is indeed essential for Arabidopsis root development (Benstein et al., 2013; Cascales-Miñana et al., 2013) . These results were unexpected and are controversial as they suggest that 3-PGA pools are not in equilibrium between the cytosol and plastids, at least in heterotrophic cells. Theoretically, the plastidic glycolytic enzymatic reactions between the triose phosphate pool (glyceraldehyde-3-phosphate and dihydroxyacetone phosphate) and phosphoenol pyruvate (PEP) are reversible (Buchanan et al., 2000) ( Figure 1 ). Thus the PEP transported from the cytosol could be converted into 3-PGA through the reactions catalysed by the enolase and phosphoglycerate mutase (Figure 1 ). In addition, several members of the plastid phosphate translocator family could equilibrate the 3-PGA pools between the cytosol and plastids (Fl€ ugge, 1999; Fischer and Weber, 2002; Knappe et al., 2003; Fischer, 2011) . Accordingly, it could be assumed that the cytosolic and plastidial glycolytic pathways are connected by metabolite exchange (Weber et al., 2005) . The triose phosphate transporter (TPT) was the first transporter of the chloroplast envelope to be identified and characterized at the molecular level (Fl€ ugge et al., 1989; Fl€ ugge, 1999) . It accepts either inorganic phosphate or a phosphate molecule attached to the end of a three-carbon chain (triose phosphate or 3-PGA) via a strict 1:1 counterexchange mechanism. TPT shows the highest 3-PGA transport specificity of all plastidial transporters studied to date (Fischer and Weber, 2002) and in vascular plants, it is almost exclusively present in green tissues (Schulz et al., 1993; Kammerer et al., 1998) . In order to test the hypothesis that lack of GAPCps in roots could affect the supply of 3-PGA to plastids, we overexpressed the TPT translocator in gapcp1gapcp2 roots. We provide genetic evidence that TPT expression in gapcp1gapcp2 root plastids complements phenotypic and metabolic alterations of the mutant. These results demonstrate that the main source of 3-PGA in these plastids is provided by the reactions catalysed by the enzymes GAPCp and phosphoglycerate kinase (PGKp). They also suggest that other phosphate transporters typically expressed in heterotrophic cells do not have the capacity to mediate 3-PGA transport in vivo. The importance of GAPCp to produce precursors for anabolism such as fatty acids in seeds, and its role in maintaining the equilibrium of glycolytic intermediates between compartments, are further discussed.
RESULTS

Overexpression of TPT complements gapcp1gapcp2 vegetative phenotypes
In heterotrophic cells 3-PGA is synthesized through glycolysis in which cytosolic and plastidial GAPDHs are involved. Hence 3-PGA levels could be compromised in gapcp1-gapcp2 plastids. Measurement of 3-PGA levels in gapcp1-gapcp2 roots showed that they did not significantly differ from those in the WT (Figure 2a ), which indicated that at the cell level, there is no 3-PGA deficit in this mutant's organ. However, the drastic root phenotypes observed in gapcp1gapcp2 suggests that lack of GAPCps activity in roots could affect the supply of 3-PGA inside the plastid.
An in silico expression analysis (http://www.bar.utoron to.ca/efp/cgi-bin/efpWeb.cgi, http://genevestigator.com/gv/) of the Arabidopsis TPT gene encoded by At5g46110 revealed an abundant expression in leaves and aerial parts (AP), and a very low expression in roots. We assessed TPT expression by quantitative real-time-PCR (qRT-PCR) in mature plants and seedlings, and confirmed that in both cases TPT expression was low or absent in roots (Figure S1a, b) .
If 3-PGA were lower in the gapcp1gapcp2 plastids than in the cytosol, then overexpression of a transporter such as the TPT could revert mutant root phenotypes. In order to explore this hypothesis, we transformed the mutant with constructs in which TPT was expressed under the control of the 35S promoter (35S:TPT lines). As gapcp1-gapcp2 are sterile, the progeny of heterozygous plants (heterozygous for GAPCp1 and mutant homozygous for GAPCp2) was transformed with the different constructs. Homozygous gapcp1gapcp2 were identified by PCR genotyping in the segregating population. Seven 35S:TPT lines, with different TPT expression levels in roots were obtained ( Figure S2a ). Three lines were selected on the basis of having the highest expression levels and their root growth was compared with that of gapcp1gapcp2 ( Figure S2c ). All selected lines complemented the arrested root growth phenotype of gapcp1gapcp2 ( Figure S2c ). When grown on plates, the root lengths of the 35S:TPT lines, was almost fully complemented, reaching 90% of the final WT length (Figure 2b,c) . The increase in root growth correlated with an increase in AP biomass (Figure 2d ). These findings provide evidence that TPT overexpression complements gapcp1gapcp2 root and AP growth inhibition.
TPT expression under the control of the GAPCp promoter suffices to fully complement the homozygous gapcp1gapcp2
The above results demonstrate that TPT expression under the control of 35S restores the majority of the developmental defects associated with gapcp1gapcp2 vegetative development. Yet, in addition to the growth inhibition of roots and AP, gapcp1gapcp2 also displays a male sterile phenotype that leads to plants with small seedless siliques (Muñoz-Bertomeu et al., 2010) . Only some of the 35S:TPT lines with the highest TPT expression (three of seven lines) were fertile (Figure 3a) .
To specifically express TPT in those cell types where GAPCp is required, we transformed gapcp1gapcp2 with a construct that carried TPT under the control of the GAPCp1 promoter (GAPCp1:TPT). The GAPCp1 promoter displayed a low expression level compared with the strong expression of the 35S promoter ( Figure S2a,b) . However, GAPCps are specifically expressed in some cell types, such as the tapetal cell layer during pollen development, where the 35S is poorly or not expressed (Muñoz-Bertomeu et al., 2010) . The GAPCp1:TPT construct not only fully complemented all gapcp1gapcp2 vegetative developmental defects in seedling and adult stages, but also restored fertility in mutant plants (Figures 2b-d and 3a) . A comparison of all the different lines in the adult stages indicated that in all measured parameters (shoot length, shoot weight, and leaf area in the adult stage), the GAPCp1:TPT lines performed similarly or better than the 35S:TPT (Figure 3a-d) . These results suggested that TPT was absent in those cell types where GAPCps were functionally significant. A coexpression study using the GENEVESTIGATOR tools (https://genevestigator.com/gv/) showed a negative correlation (À0.67) at the anatomical level between the expression of GAPCp1/GAPCp2 and that of TPT. GAPCp1/GAPCp2 also correlated negatively with other genes that code for proteins involved in photosynthesis including the photosynthetic GAPDH subunits GAPA and GAPB with a negative coefficient of À0.67 for both genes.
TPT activity measurements and metabolomic analyses confirmed the complementation of gapcp1gapcp2 metabolic disorders According to our hypothesis, the 3-PGA pools of the cytosol and stroma could remain compartmented. TPT expressed in roots could facilitate transport of 3-PGA from the cytosol to plastids to counteract the deficiency in this organelle caused by lack of GAPCp activity. To test for presence of TPT activity in roots of the complemented lines, we reconstituted detergent-solubilised root extracts from the different lines into liposomes, followed by radioactive flux-assay transport experiments in which we determined the P i ( 32 P i ) uptake rate into the proteoliposomes pre-loaded with 10 mM 3-PGA or Pi as an internal counter-exchange substrate. To distinguish between the activity of the glucose phosphate transporter and TPT, in addition to Pi, the external medium contained either excess of glucose 6-phosphate or 3-PGA. Pre-loaded proteoliposomes reconstituted with extracts from 35S:TPT and GAPCp1:TPT lines displayed greater 3-PGA dependent transport activity when compared with those made of material from WT ( Figure 4a ).
Lack of GAPCp activity drastically alters the plant metabolite profile (Anoman et al., 2015; Tables S1 and S2) . While in the AP of gapcp1gapcp2 the level of 78% of measured metabolites differed from those of WT, in the 35S:TPT and GAPCp1:TPT lines, less than 35% of metabolite levels significantly differed to the WT values (Tables 1, S1 and S2). In addition, more than 83% of metabolites in the 35S:TPT and GAPCp1:TPT lines were different to those of gapcp1gapcp2 (Tables 1 and S1 ). In roots, 88% of the metabolite levels in gapcp1gapcp2 were different to those in WT. In the 35S:TPT and GAPCp1:TPT lines more than 80% of the analysed metabolites significantly differed from those of gapcp1-gapcp2 and approached WT levels (Tables 1 and S2 ). Thus according to the principal component analysis (PCA), the metabolite profile of the AP and roots of 35S:TPT and GAPCp1:TPT lines was clearly separated from that of gapcp1gapcp2 and came close to that of WT ( Figure 4b ). In roots, although WT, GAPCp1:TPT, and 35S:TPT grouped in the same quadrant, those from GAPCp1:TPT tended to localize slightly closer to gapcp1gapcp2, while those from 35S:TPT localized further away from the mutant samples.
In a previous study, we identified several metabolites that were systematically modified in the AP and/or roots of gapcp1gapcp2 under all different assayed conditions (end of the night, middle of the light period, end of the light period and in the presence of sucrose), which helped narrow down the identification of the most important pathways affected by GAPCp activity (Anoman et al., 2015) . Changes in all of these metabolites in the AP, and roots reverted to or approached the WT levels in the complemented 35S: TPT and GAPCp1:TPT lines (Tables 2 and 3) . Interestingly, the 3-PGA content in the roots of complemented lines was higher than that in the mutant, and was even higher than that in the WT. 3-PGA can be converted into glycerate through the phosphoglycerate phosphatase activity (Figure 1) . This metabolite increased more than three times in the AP and roots of gapcp1gapcp2 and lowered in the complemented lines to approach the WT levels. We believe that glycerate could be a sink of the 3-PGA accumulated in the cytosol of gapcp1gapcp2 and a mechanism to maintain 3-PGA levels in the plastid (Anoman et al., 2015) .
Changes in serine and glutamine in roots were also interesting because we postulated that an important sink of 3-PGA produced by the GAPCp and PGKp would be the plastidial localized phosphorylated pathway of serine biosynthesis. The level of this amino acid in the roots of 35S:TPT lines increased compared with WT, but was similar to WT in the GAPCp1:TPT lines (Table 3) . As most of amino acids increased in gapcp1gapcp2 roots, the relative abundance of serine compared with the total amount of amino acids was reduced by more than half as compared with WT ( Figure 4c) . Thus, the percentage of serine was 2.8% in gapcp1gapcp2, 5.4% in GAPCp1: TPT, 5.9% in the WT and 6.8% in 35S:TPT lines (Figure 4c) . Arrest in the phosphorylated pathway activity could affect not only the serine supply to roots, but also the ammonium assimilation, which would lead to glutamine accumulation (Benstein et al., 2013; Anoman et al., 2015 ; Figure 1 ). The percentages of glutamine in the different lines were inversely correlated with those of serine, and went from 52.1% in gapcp1gapcp2 to 44.6, 39.2 and 37.8% in GAPCp1:TPT, WT and 35S:TPT lines, respectively. Plastidial 3-PGA can also be potentially converted into PEP by phosphoglycerate mutase and enolase, which can subsequently be converted into acetyl-CoA for fatty acid biosynthesis (Figure 1) . We investigated if the expression of TPT modified the fatty acid content in the 35S:TPT and GAPCp1:TPT seeds. The total fatty acid content significantly increased in the 35S:TPT lines as compared with the WT (Table 4) . This increase was correlated with a higher seed weight in the 35S:TPT lines. No changes in the total carbohydrate content were found in seeds of any of the transgenic lines as compared with the WT (Table 4) . , 2010) . TPT expression under the control of the GAPCp1 promoter allowed the transporter to be expressed only in those cell types where and when GAPCp was needed in a dosedependent manner. In this case, full complementation of root and male sterile phenotypes was achieved, which confirmed that TPT is required to provide the product of GAPCp activity in these specific cell types. The full complementation of gapcp1gapcp2 metabolic and developmental phenotypes by TPT expression also confirmed that the main GAPCp function, along with PGKp, is to supply 3-PGA, and not other metabolites such as NADH or ATP as the supply of the end product, 3-PGA, overrode its developmental defects. Previous results have indicated that GAPCp activity is not required in photosynthetic cells (Anoman et al., 2015) . Our results demonstrate herein a negative correlation between the GAPCp and TPT expression, which suggests that the enzyme is only functionally important in heterotrophic cells where TPT is inactive.
3-PGA pools are not equilibrated between plastids and cytosol in heterotrophic cells
In photosynthetic cells, 3-PGA is synthesized by both glycolytic enzymes or by the activity of Rubisco in the chloroplast. However, in heterotrophic cells, 3-PGA is synthesized only by glycolysis, either by the joint activity of PGKs and phosphorylating GAPDHs (in cytosol and plastids) or by the activity of the cytosolic non-phosphorylating GAPDH (Figure 1 ). Thus lack of GAPCp activity could compromise the 3-PGA levels in gapcp1gapcp2 heterotrophic cells. We demonstrated that the 3-PGA contents in gapcp1gapcp2 roots are similar to those in the WT. This result, along with the TPT complementation of gapcp1-gapcp2 phenotypes, suggested that phenotypes observed in the mutant are not the consequence of a general decrease in 3-PGA, but a decrease in its plastidial content. Accordingly, the cytosolic 3-PGA levels in gapcp1gapcp2 should be much higher than those in the WT. These high cytosolic 3-PGA levels could be understood as a response of the cell to compensate for its deficiency in the plastids, and would agree with the increased activities of cytosolic PGKs and non-phosphorylating GAPDHs in gapcp1gapcp2 (Muñoz-Bertomeu et al., 2009; Anoman et al., 2015) . The greater activity of these enzymes would also be supported by the fact that the 3-PGA levels in the complemented lines, without GAPCp activity, are even higher than in the WT. The presence of TPT in these complemented lines could reduce 3-PGA pools in cytosol and may speed-up the biosynthesis of the metabolite in this compartment by releasing any feed-back inhibition mechanism incurred by the final product. Alternatively, a lower rate of conversion of 3-PGA into glycerate could also explain differences in 3-PGA content between the mutant and the complemented lines. The drastic reduction in the glycerate levels in these complemented lines supports this hypothesis. We previously postulated that glycerate could be a sink for 3-PGA accumulated in the cytosol of gapcp1gapcp2 but also part of the plant response to maintain the 3-PGA levels in plastids (Anoman et al., 2015) . Cytosolic 3-PGA could be converted into glycerate by phosphoglycerate phosphatase, transported inefficiently into the plastid and then converted to 3-PGA by phosphoglycerate kinase to alleviate the metabolite deficiency in this organelle (Figure 1) .
It is known that plastidic and cytosolic glycolytic pathways interact through highly selective transporters present in the inner plastid membrane (Weber et al., 2005) . This fact, along with metabolic flux analysis studies, has led to the suggestion that key glycolytic intermediates are equilibrated between the compartments (Schwender et al., 2003) . Although this statement may be true for some plastid types, such as the green photosynthetically active chloroplast, it should not be generalised to all plastid because some types may be devoid of certain transport activities, which would impair such equilibration. We provided genetic evidence, indicating that when TPT is expressed in roots, it can transport 3-PGA, and that this transport is able to re-establish metabolic homeostasis in gapcp1gapcp2. This clearly indicates that: (i) a 3-PGA deficiency exists inside the plastid in this mutant; and (ii) the 3-PGA pools are not equilibrated between heterotrophic plastids and the cytosol in the absence of TPT activity. In addition to the triose-3-PGA/Pi translocators several other plastidic phosphate translocators have been identified in Arabidopsis, which include glucose phosphate/Pi translocators, PEP/Pi translocators or xylulose phosphate/ Pi translocators (Fischer et al., 1997; Kammerer et al., 1998; Eicks et al., 2002) . Some of them, such as the glucose phosphate or the xylulose phosphate translocators, are located in heterotrophic plastid membranes, and their capacity to transport 3-PGA in in vitro experiments has been demonstrated (Fischer and Weber, 2002; Weber and Linka, 2011) . Our data indicate that the activity of such transporters in roots does not suffice to compensate for lack of GAPCp activity, which suggests that their capacity to transport 3-PGA in vivo is limited.
Metabolic pathways dependent on GAPCp activity
In addition to the photosynthetic reactions, a wide variety of other metabolic pathways occur in the plastid, including the biosynthesis of fatty acids and amino acids. The 3-PGA transported by TPT to the plastids could be used for serine biosynthesis through the phosphorylated pathway. Complementation of gapcp1gapcp2 root developmental defects by externally supplied serine (Muñoz-Bertomeu et al., 2009) in a similar way to that obtained when overexpressing the TPT transporter, along with the increase in serine content in the roots of the 35S:TPT lines, indicates that the phosphorylated pathway is an important 3-PGA sink in the plastid.
The arrested activity of the phosphorylated pathway of serine biosynthesis could affect not only the serine supply to roots, but also ammonium assimilation, leading to the observed glutamine accumulation (Benstein et al., 2013 ; Figure 1 ). The enzyme glutamate synthase uses 2-oxoglutarate as a co-substrate along with glutamine to produce two molecules of glutamate (Figure 1 ). 2-oxoglutarate is produced by 3-phosphoserine aminotransferase (PSAT), the second reaction of the phosphorylated pathway. Thus reduced PSAT activity should increase the glutamine levels as observed in gapcp1gapcp2. The percentage of serine and glutamine clearly reverted to WT levels in the complemented lines. In the 35S:TPT lines the percentage of serine and glutamine was even higher and lower than in WT, respectively. This result could indicate that TPT overexpression in gapcp1gapcp2 root plastids could make more 3-PGA available in plastids for metabolic processes than in WT. The higher levels of 3-PGA in the roots of these lines would suggest so.
Seed mass and fatty acid content of the 35S:TPT lines significantly increased and the same trend was observed in the GAPCp1:TPT lines. We could think that TPT overexpression in gapcp1gapcp2 leaves could increase the availability of photoassimilates in the cytosol, which could be exported to seeds. TPT expression in gapcp1gapc2 leaves is similar to that in the WT ( Figure S3 ) where it is highly expressed throughout all the leaf developmental stages ( Figure  S1 , http://www.bar.utoronto.ca/efp/cgi-bin/ef pWeb.cgi). Thus, it is unlikely that the transporter activity is limiting triose phosphate export in photosynthetic cells. Besides in the AP of 35S:TPT lines, there was no increase in the main metabolites found in the phloem sap (soluble sugars, e.g. sucrose significantly decreased; there was also a trend to a reduction in most of sugars and amino acids including glutamine and asparagine, which are the most important amino acids transported in the phloem). This indicates that the assimilate content for export in leaves of the 35S:TPT lines was not higher than that in the WT (Table S1 ). So although the flow of solutes to storage sinks could be source-limited, our results indicate that the increases in serine and fatty acids in roots and seeds of 35S:TPT lines, respectively, are probably the result of a higher 3-PGA availability in the plastids of these organs.
A partitioning model between the cytosol and plastids of carbon flux from sucrose to fatty acid synthesis has been postulated (Andriotis et al., 2009) . The lack of strong phenotypes of plastidial enolase and phosphoglycerate mutase mutants (Andriotis et al., 2009) , and the strong phenotypes of mutants lacking the plastidial pyruvate kinase Baud et al., 2007) , led Andriotis et al. (2009) to suggest that, in oilseed embryos, all the 3-PGA generated in the plastid may be exported to the cytosol to be converted into PEP, and that most or all of it must then move back into the plastids to be converted into pyruvate (Figure 1 ). This suggestion implies that the main source of precursors for fatty acid biosynthesis comes from the cytosol through the PEP translocator PPT. In Arabidopsis, overexpression of the cytosolic GAPDH increased the oil content in seeds by 6% (Guo et al., 2014) . However, the same authors found that double knock-out mutants of this enzyme only showed a 3% dry weight decrease in oil content compared with WT, which suggests that there could be alternative pathways to provide precursors for fatty acid biosynthesis.
For years, the physiological function and importance of plastidial enolase in green and non-green plastids have been a matter of debate (Journet and Douce, 1985; Van der Straeten et al., 1991; Miernyk and Dennis, 1992; Andriotis et al., 2009; Prabhakar et al., 2010) . Due to the lack of enolase activity (Prabhakar et al., 2010) , chloroplasts do not have a complete glycolysis and thus rely on PEP imported from the cytosol through the PPT. However, in some nonphotosynthetic plastids, such as those present in roots, enolase could be active to provide PEP inside the plastid. This hypothesis is supported by the fact that the double mutant of the PEP translocator (cue1) and the plastidial enolase (eno1) is lethal, while both single mutants are viable (Prabhakar et al., 2010) . Our data suggest that in Arabidopsis seeds, plastidial 3-PGA could be used directly for fatty acid biosynthesis without the need for a by-pass through the cytosolic glycolytic pathway. Accordingly, the seeds from some eno1 mutant alleles contain smaller amounts of lipids than WT (Prabhakar et al., 2010) .
Thus we cannot rule out that 3-PGA transported by TPT to the plastids of the 35S:TPT lines could also fuel the downstream reactions of the lower part of the glycolytic pathway catalysed by phosphoglycerate mutase and enolase. It has been recently suggested that the PEP translocator acts as a net importer of PEP into the chloroplast, but as an exporter in root plastids (Staehr et al., 2014) and probably in other non-photosynthetic plastids such as embryos. This suggestion would support the need for a complete glycolytic pathway in the forward direction in some non-green plastids, and could be the clue to explain why in gapcp1gapcp2 the reverse reactions of enolase and phosphoglycerate mutase are unable to overcome the arrested root phenotypes in the mutant.
The Arabidopsis genome contains two PPT genes. PPT1 is expressed in leaves and roots, while PPT2 is predominantly expressed in leaves, but poorly expressed in roots (http://www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). PPT1 could therefore be responsible for PEP export to the cytosol in roots and PPT2 could be responsible for PEP import into the chloroplasts. Alternatively, the different transport functions of PPTs could simply be attributed to the distinct PEP/Pi gradients that the translocator faces in roots plastids or in leaf chloroplasts. PPT1 is also highly expressed during the heart, torpedo and walking stick stages of embryo development (stages 4, 5, 6, and 7) and then starts to decrease at the curled cotyledon stage (stage 9); (http:// www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) while PPT2 is expressed only in the initial globular stage (stage 3). Besides, PPT1 is co-expressed along with ENO1 (http:// www.bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi). These expression data support the notion that the plastidial enolase and phosphoglycerate mutase are active in the forward glycolytic direction in embryos, at least in some developmental stages where they could contribute to the biosynthesis of fatty acids in seeds to a certain extent.
The increase in the fatty acid content in the 35S:TPT seeds only, along with the rescue of the PPT1 mutant phenotypes by ENO1 overexpression in a dose-dependent manner (Prabhakar et al., 2010) , suggest that the PEP provision through the plastidial glycolytic pathway may be limited by either 3-PGA availability and/or enzyme activity. We do not know why and when 3-PGA availability could be restricted in plastids. We think that metabolic plasticity may be the answer. When the phosphorylated pathway activity is strong, the PEP required for other metabolic processes might be provided by the cytosol. However, when the activity of the phosphorylated pathway is low, then most of the PEP may be provided by the plastidial glycolysis. Our data support that another alternative pathway for fatty acid biosynthesis should be considered in seeds, at least in some embryo developmental stages, although further research into its quantitative contribution to plant metabolism is necessary.
In conclusion, our results indicate that TPT expression in the plastids of gapcp1gapcp2 complements the majority of the metabolic and developmental alterations of the mutant. Full complementation of gapcp1gapcp2 developmental phenotypes can be achieved by specifically expressing the TPT translocator in the same cell types and tissues in which GAPCp is expressed. This suggests that the enzyme is essential in cell types where TPT activity is absent. We propose that the main, if not the only, function of GAPCp, along with PGKp, is to supply 3-PGA to the anabolic pathways in heterotrophic cells, especially to the phosphorylated pathway of serine biosynthesis but also to the fatty acids biosynthesis.
Our results suggest that 3-PGA deficiency occurs in the plastids of gapcp1gapcp2 and that 3-PGA pools may be equilibrated by the cytosol-plastid interconnections in photosynthetic, but not in heterotrophic cells. It remains conceivable that other glycolytic intermediates are not in equilibrium between the cytosol and plastids as well, and that the pathways may be more functionally independent than previously thought, at least in relation to some metabolites in certain cellular types. These results provide insights into the metabolic networks that operate in plant cells. A more in-depth study of these metabolic interactions in specific cell types and tissues will be needed in the future to successfully achieve the metabolic engineering of plants with improved yield, nutritional value or better adapted to environmental stresses.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis thaliana seeds ecotype Columbia-0 were supplied by the European Arabidopsis Stock Centre (Scholl et al., 2000) and by the Arabidopsis Biological Resource Center (ABRC, http://www.b iosci.ohio-state.edu/~plantbio/Facilities/abrc/index.html). gapcp1 (corresponding to gapcp1.1 allele, SAIL_390_G10) and gapcp2 (corresponding to the gapcp2.1 allele, SALK_132788) single and double T-DNA mutant isolation and characterization were described by Muñoz-Bertomeu et al. (2009) . For phenotype assays, seeds were vertically sown on 0.8% agar plates containing 1/5 Murashige and Skoog (1/5 MS) with Gamborg vitamins, as previously described (Muñoz-Bertomeu et al., 2009) . Plants were grown in a growth chamber at 22-16°C during an 8-h-night photoperiod, with light at 100 lmol photons m À2 sec
À1
. Some plantlets were also grown under greenhouse conditions as described elsewhere (Muñoz-Bertomeu et al., 2009) . As gapcp1gapcp2 are sterile, lines were maintained in heterozygosis (gapcp1/GAPCp1 gapcp2/-gapcp2 or gapcp1/gapcp1 GAPCp2/gapcp2). Homozygous gapcp1-gapcp2 plants were identified in segregating populations by genotyping.
Cloning and plant transformation
The cDNA U11044, which corresponds to TPT (At5g46110), was supplied by the ABRC. This cDNA was placed under the control of two different promoters (35S and GAPCp1) and fused in frame to a His tag to give constructs 35S:TPT and GAPCp1:TPT. The TPT cDNA was PCR-amplified using primers At5g46110XhoIF and At5g46110XbaIRe3 to introduce sites XhoI and XbaI. The amplified fragment was cloned between the XhoI and XbaI sites in a modified pGreen II plant transformation vector (Hellens et al., 1993) named p336 kindly provided by Dr. Jeff Harper (University of Nevada, USA). This vector allowed us to obtain the 35S:TPT construct. A fragment containing TPT-His was exchanged with the GAPCp1 cDNA between the XhoI and BamHI sites of a previously obtained construct, where GAPCp1 was expressed under the control of a 1.5 kb fragment corresponding to the native GAPCp1 promoter (Muñoz-Bertomeu et al., 2010) . This construct was named GAPCp1:TPT. All PCR-derived constructs were verified by DNA sequencing.
Arabidopsis plants were transformed with different constructs by the floral dipping method (Clough and Bent, 1998) with Agrobacterium tumefaciens carrying pSOUP. As gapcp1gapcp2 is sterile, the progeny of heterozygous plants (heterozygous for GAPCp1 and mutant homozygous for GAPCp2) was transformed with different constructs.
Transformants were selected by antibiotic selection, while homozygous gapcp1gapcp2, heterozygous gapcp1gapcp1 GAPCp2gapcp2 and WT were identified by PCR genotyping using gene-specific primers (LP390_G10 and RP390_G10 for gapcp1, LP137288 and RP137288.D for gapcp2) and left border primers of the T-DNA insertions (LBa1, Lb1_SAIL). At least five independent single insertion homozygous T3 lines were obtained for all different constructs. After characterization by qRT-PCR, two or three different lines were selected for further analyses depending on the experiment. We used syngenic WT lines from the segregation of heterozygous GAPCp1gapcp1 GAPCp2gapcp2 plants as controls for our studies.
qRT-PCR
Total RNA was extracted from seedlings and adult gapcp1gapcp2 plants transformed with the different TPT constructs using NucleoSpin RNA II kit (Macherey-Nagel, D€ uren, Germany). Next, 0.5-1 lg RNA was reverse transcribed using the first strand cDNA synthesis kit for qRT-PCR (Thermo Scientific, Vilnius, Lithuania) according to the manufacturer's instructions. qRT-PCR was performed as previously described (Cascales-Miñana et al., 2013) . Each reaction was performed in triplicate. Data are the mean of three biological samples. PCR amplification specificity was confirmed with a heat dissociation curve (from 60°C to 95°C). Efficiency of the PCR reaction was calculated and different internal standards were selected (Czechowski et al., 2005) depending on the efficiency of the primers. Relative mRNA abundance was calculated using the comparative Ct method according to Pfaffl (2001) . Primers used for PCRs are listed in Table S3 .
Isolation and reconstitution of crude membrane extracts and transport activity measurements Plant tissue was ground in liquid nitrogen and proteins extracted in two volumes (w/v) of a buffer containing 0.1 M Tricine-KOH (pH 8.0), 4 mM EDTA, 4 mM DTT, 6 mM ascorbate; 0.1% (w/v) BSA, 0.1% (w/v) polyvinylpyrrolidone and 0.2% (v/v) dodecylmaltoside. After thawing on ice, the plant extract was centrifuged for 1 min at 500 g at 4°C, and the supernatant was aliquoted in 50 lL portions. Reconstitution of crude membrane extracts and transport activity measurements were carried out as described by Fl€ ugge and Weber (1994) and Kammerer et al. (1998) .
Metabolite determination
Total sugars were determined with the ENZYTEC starch kit (ATOM). 3-PGA was measured by an enzymatic assay following NADH oxidation associated with the coupled reaction of phosphoglycerate kinase and GAPDH. Reactions were carried in a medium containing 0.1 M Tris-HCl pH 8.0, 5 mM MgCl 2 , 40 lM NADH, 2 mM ATP, 28 units phosphoglycerate kinase, and 8 units of GAPDH in a final volume of 720 lL. Samples were heat-inactivated at 70°C for 10 min prior adding to the reaction medium to avoid unspecific activities of endogenous enzymes.
AP and roots of 21-day-old WT, mutant, and gapcp1gapcp2 lines expressing TPT (two lines) grown on 1/5 MS plates were used to determine metabolite content in derivatized methanol extracts by gas chromatography-mass spectrometry according to the protocol defined by Lisec et al. (2006) . Material was sampled for metabolite analysis after 4-5 h in the light. Some metabolites were quantified by using calibration curves with known concentrations of standards. Amino acids were also quantified by HPLC after derivatisation with diethyl ethoxymethylenemalonate (Alaiz et al., 1992) . Data are the mean of at least six independent determinations for WT and gapcp1gapcp2 and 10-18 determinations for the 35S:TPT and GAPCp1:TPT lines (two different lines). Fatty acids were detected exactly as described in Focks and Benning (1998) . Data are the mean of at least six independent determinations.
Statistics
Experimental values represent mean values and standard error, and n represents the number of independent samples. P-values were calculated with a Student's t-test (two-tailed) by Microsoft Excel. The level of significance was fixed at 5% (0.05). The PCA of metabolomic data was carried out using the Multibase Excel Addin for PCA.
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